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Heat stress during oocyte maturation causes well-defined changes in the oocyte 
cytoplasm that leads to reduced developmental potential.  Previous work has been done 
that supports this hypothesis, but the underlying reasons are still not fully understood.  
Our objective is to determine these underlying mechanisms that contribute to this 
reduction in overall development potential of the oocytes and the embryos.  Oocytes 
underwent in vitro maturation (IVM) for 40-44 hours in one of two environments: 39°C 
(control), or 41°C (heat stress).  The oocytes underwent multiple experiments: stage of 
meiosis after maturation, endoplasmic reticulum (ER) size, total amount of Ca2+ stored in 
the ER, pattern of Ca2+ signal following in vitro fertilization (IVF), and embryo 
development after IVF.  After 40-44 hours of IVM, oocytes were stained and their 
chromatin configuration was recorded.  Heat-stressed oocytes showed a significant 
decrease in the ability to reach metaphase II of meiosis compared to the control group.  
Heat stressed oocytes also lowered the percentage of embryos developing to the 
blastocyst stage.  Mobilized Ca2+ from the ER affects fertilization and subsequent embryo 
development.  Administration of ionomycin caused oocytes to, in Ca2+-free medium, 
released Ca2+ from the intracellular stores.  The average amplitude of the Ca2+ peaks was
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significantly higher compared to that of the heat stressed group.  However time of release 
and time to maximum peak did not seem to have a discernable affect between the groups.  
Lower Ca2+ store content could be caused by one of two events: reduction in ER size or 
an alteration in ER function.  Literature suggests that the ER should emulate a spider 
web-type structure contained throughout the entire cytoplasm.  In some cases, heat stress 
oocytes exhibited an incomplete reorganization of the ER as compared to the control 
group.   
Fertilization is dependent on the phospholipase C zeta (PLC ζ) content of the 
sperm to hydrolyze and cleave PIP2 into DAG and IP3 to cause a release of Ca2+ from the 
ER.  The released Ca2+ triggers a cascade of events that ultimately lead to the activation 
of the oocyte and subsequent embryo development.  Oocyte lipid composition is 
important for the generation of energy substrates as well as phospholipid second 
messengers.  Lipid analysis experiments did not show a significant difference in fatty 
acid make up.  High amounts of triglycerides are seen in each experiment performed in 
positive mode.  Phospholipids and DAG are in very low concentrations prior to 
fertilization.  The DESI technique may not be sensitive enough to obtain the data from 
both groups.  An alteration in fatty acid content as well as phospholipids can have a 
detrimental effect on Ca2+ mobilization and entry.  Ca2+ transients, after fertilization, are 
responsible for the lifting of the meiotic arrest and initiation of cell division.  When we 
measured the changes in the intracellular Ca2+ concentration of the oocytes we found that 
heat stress during maturation caused marked alterations in the mean amplitude of Ca2+ 
transients during IVF, while frequency of the oscillations remained the same.  We believe 
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that the observed changes described above are responsible, at least in part, for the reduced 
developmental potential of the heat stressed oocytes.
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CHAPTER 1 LITERATURE REVIEW 
 
 
Oocyte Maturation and Metaphase II Arrest 
In mammals, meiotic maturation is the process in which an immature oocyte 
develops into an oocyte capable of being fertilized.  Primordial follicles contain primary 
oocytes arrested at prophase I of meiosis.  As the follicle enters the growing pool, the 
follicle and oocyte mature.  The oocytes will contain certain transcripts specific for 
oocyte activation and fertilization.  Mature graafian follicles rupture to release an oocyte 
when stimulated by the combination of a luteinizing hormone (LH) surge and proteolytic 
enzymes (Takahashi and Ohnishi 1995).  This secondary oocyte travels through the 
female reproductive tract to where it will be fertilized by the sperm from the male. 
There are many steps and processes involved in the maturation of a prophase I 
oocyte to metaphase II, the meiotic state ready for fertilization.  Cytoplasmic maturation 
begins with an arrested prophase I oocyte surrounded by granulosa cells.  These 
granulosa cells form gap junctions that are anchored inside of the primary oocyte, which 
maintain a high level of cAMP (Brower and Schultz 1982). In xenopus oocytes, high 
levels of cAMP in the phosphorylation of Cyclin-dependent kinase 1 (CDK-1), which is a 
main component of cell cycle regulation (Duckworth, Weaver et al. 2002). 
When cAMP decreases, mitosis promoting factor (MPF), a CDK-1/Cyclin B 
complex, becomes dephosphorylated and the oocyte can resume meiosis (Adhikari,
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Zheng et al. 2012).  Cyclin B, a regulatory subunit, is mainly involved in allowing 
thekinase subunit to function in MPF.  MPF remains at high levels throughout the 
metaphase II arrest.  It has been discovered that Cyclin B degradation in MPF is blocked 
by a cytostatic factor, the gene C-Mos (Castro, Peter et al. 2001).  This degradation 
prevention will last until the oocyte is fertilized.   
 
Sperm-Egg fusion 
Secondary oocytes migrate to the fallopian tube of the female reproductive tract 
and await sperm cell fusion.  The oocytes must be at the metaphase stage of the second 
meiotic division before fertilization can occur.  Sperm cells are drawn to the oocyte by 
chemotaxis, a chemical attractant. The majority of chemotaxis research has been 
primarily done in aquatic species.  It has been discovered that cumulus cells and oocytes 
separately can chemically signal the movement of sperm (Sun, Bahat et al. 2005).  The 
female reproductive tract prepares the sperm cells by playing important roles in 
capacitation, hyper activation, and acrosomal reaction.  In mammals, it is also believed 
that progesterone and other factors in the female tract may induce Ca2+ signaling in sperm 
cells that promotes flagellar movement, so that the sperm moves more effectively to 
reach the oocyte (Yoshida and Yoshida 2011). 
Fertilization begins with the sperm binding to the outermost layer of the oocyte, 
the zona pellucida.  The zona pellucida is a glycoprotein-rich extracellular matrix that 
plays an important role in the successful fertilization of an oocyte.  Human, rat, monkey, 
and hamster zona pellucidas are comprised of four glycoproteins (ZP1, ZP2, ZP3, and 
ZP4, while in the pig and cattle there are three zona pellucida glycoproteins (ZP2, ZP3, 
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and ZP4) (Yonezawa, Kanai-Kitayama et al. 2012).  The zona pellucida in the mouse also 
consists of three glycoproteins (ZP1, ZP2, and ZP3).  The first step to fertilization, 
primary binding, is the porcine sperm binding to a heterodimer of ZP3 and ZP4.  Recent 
research has indicated that ZP4 is responsible for the sperm-binding activity of the 
ZP3/ZP4 complex (Yonezawa, Kanai-Kitayama et al. 2012).  It is believed that primary 
binding triggers an important fertilization event known as the acrosome reaction (Gupta 
and Bhandari 2011).  The acrosome reaction allows enzymes to be released from the 
sperm head and exposes the sperm head for secondary binding.  The enzymes will play a 
key role in zona pellucida digestion to assist in sperm penetration.  Secondary binding to 
the ZP2 glycoprotein ensures sperm penetration through the zona pellucida, but only 
acrosome-reacted sperm will be able to do so.  Once the sperm penetrates the zona 
pellucida, it crosses the perivitelline space to fuse with the oocyte plasma membrane.  
ADAM (a disintegrin and metalloprotieinase) family proteins on the sperm, such as 
fertilin (alpha and beta) and cyritestin, interact with integrins on the oocyte cell plasma 
membrane, which results in sperm entry into the cytoplasm (Cuasnicú, Ellerman et al. 
2001).  Gamete fusion then causes the formation of a diploid zygote. 
A recent discovery in mice may provide the answer to sperm-egg recognition as 
well as prevention of polyspermy during fertilization.  The sperm cell surface protein, 
Izumo1, identified as the ligand for the Juno receptor on the oocyte surface.  Juno, 
present on the oocyte membrane as a type of carbohydrate that reaches out to attract the 
Izumo1 ligand to bind (Bianchi, Doe et al. 2014).  Bianchi et al. 2014, made two 
discoveries from identifying the ligand and receptor: knocking out the receptor caused 
infertility, and Juno is absent from the oocyte surface shortly after fertilization.  The 
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removal of the receptor caused an inability of more sperm to bind the oocyte, which 
showed the significance in preventing polyspermy, or multiple sperm fertilization.  The 
combination of these two attributes provided clear evidence of the importance of Juno to 
sperm-egg recognition as well as embryo developmental competence.  Izumo1-Juno is 
conserved across multiple mammalian species such as humans (Bianchi, Doe et al. 2014). 
 
Calcium Signaling and Fertilization  
The very first step in a successful fertilization is the signaling of Ca2+ from the 
intracellular stores.  The most widely accepted theory on how the sperm stimulates the 
Ca2+ signal in the oocyte at fertilization is the sperm factor hypothesis.  Sperm release a 
factor responsible for Ca2+ signaling called phospholipase C ζ (PLC ζ) and the 
inactivation of the factor prevents Ca2+ oscillations (Saunders, Swann et al. 2007).  This 
factor has been shown to directly cause the biological events associated with fertilization.  
PLC ζ is introduced into the cytoplasm by the fertilizing sperm and causes the hydrolysis 
of phosphatidylinositol 4,5-bisphosphate (PIP2), a membrane-resident protein in the 
ooplasm.  Hydrolyzing PIP2 leads to the formations of two signaling molecules: inositol 
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).  IP3, has a receptor on the surface of 
the intracellular Ca2+ store, the endoplasmic reticulum (ER) and causes the release of 
stored calcium (Ca2+) into the cytoplasm.  The other molecule, DAG, is associated with 
the plasma membrane and helps activate protein kinase C (PKC), which may cause 
extracellular calcium entry (Swann and Yu 2008).  Ca2+ is then removed from the 
cytoplasm through the action of calcium pumps: it is pumped back into the endoplasmic 
reticulum or extruded from the cell across the plasma membrane.  This influx and efflux 
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of Ca2+ creates oscillations in the ooplasm, which can last for several hours, depending on 
the species.  Ca2+ released from the intracellular stores in response to sperm activate 
Ca2+/calmodulin-dependent protein kinase II (CamKII), which causes the activation of 
anaphase promoting complex (APC) ligase activity to degrade MPF (Nixon, Levasseur et 
al. 2002). 
 
Resumption of Meiosis 
Fertilization results in the continuation of meiosis from the metaphase II arrest.  
The metaphase II arrest is maintained by the high concentration of MPF in the cytoplasm, 
which in turn is maintained by the cytostatic factor (CSF) through the inhibition of 
anaphase promoting complex (APC).  Ca2+ released from the intracellular stores binds 
calmodulin, which activates calmodulin-dependent protein kinase II (CaMKII) 
(Markoulaki, Matson et al. 2004).  This results in the activation of APC.  Active APC 
induces cyclin B ubiquitination leading to the degradation of cyclin B, the inactivation of 
MPF, and thus resumption of meiosis (Jones 2011). 
 
Lipid Profile of Oocytes and Embryos 
Lipids contribute to oocyte maturation in many ways: energy substrates for ATP 
production, structural integrity, and signaling molecules.  Critical events such as meiosis 
progression and fertilization can alter the lipid profile throughout the life of an oocyte.  
Immature porcine oocytes, in comparison to bovine and sheep, contain the highest 
amount of overall fatty acid composition and are most abundant in stearic, plamitic, and 
oleic lipids (McEvoy, Coull et al. 2000).  It has also been discovered that lipid 
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metabolism in the oocyte-cumulus complexes have shown an impact on oocyte 
competence (Dunning, Russell et al. 2014).  Oocytes with higher overall lipid content 
may be influenced by metabolism rates and are considered higher quality (Silva‐Santos, 
Ferreira et al. 2014).  Lipoproteins from follicular fluid may also contribute to the 
metabolism and function of fatty acids in maturing oocytes.  During ovulation, the LH 
surge induces Beta-oxidation in mitochondria of fatty acids to generate the production of 
ATP, which has been linked to higher oocyte and embryo quality (Dunning, Russell et al. 
2014).  In mice, a higher amount of lipid beta-oxidation is associated with increased 
blastocyst formation from competent oocytes and higher embryo quality (Dunning, 
Cashman et al. 2010).  Phospholipids are vital components of the fertilization process in 
oocytes, specifically PIP2, IP3, and DAG.  Porcine oocytes contain a relatively abundant 
concentration of stearic and arachidonic fatty acids, which are two components that make 
up DAG.  Competent oocytes of Bufo arenarum, a toad species, contained higher 
amounts of phospholipid precursors in their membranes as opposed to incompetent ones, 
which assist in meiotic resumption (Toranzo, Oterino et al. 2007).  Phospholipid content 
in immature oocytes plays a major role in the maturation process (Toranzo, Oterino et al. 
2007).  Changes to lipid profiles in oocytes with high lipid content, such as pigs, can be 
seen morphologically, and negative alterations can affect cellular organelles and future 
development (Prates, Nunes et al. 2014).   
 
Heat Stress on Maturing Oocytes 
It has been well documented that heat stress causes reductions in developmental 
competence of oocytes.  Research has shown that heat stress during the hot summer 
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months can reduce oocyte viability by 30 to 65% (Edwards and Hansen 1996).  There are 
a couple factors that play into the effects of heat stress on the oocyte, they include: 
incubation temperature and timing of exposure in development.  Most research in the heat 
stress field has been done with cattle and mice and the timing of exposure during the 
maturation process.  Heat stress of 40.7oC during IVM was found to have devastating 
consequences to the metaphase II stage as well as later embryonic development in mice 
(Wang, Sui et al. 2009).  In regards to timing, heat stress during the first 12 hours of 
bovine oocyte IVM caused more reduction in viability compared to heat stress during the 
last 12 hours (Rispoli, Lawrence et al. 2011).  The underlying reasons as to why oocyte 
maturation and overall viability is reduced is not well-defined but studies have uncovered 
significant differences between heat-stressed and control oocytes.   
Deleterious effects on the oocytes can be derived from their earliest stage of 
maturation up to the metaphase II arrest.  While still inside the follicle there are major 
maturation processes that occur before ovulation.  The follicle contains granulosa cells, 
which facilitate growth and development through gap junctions that connect on the 
oocyte’s surface.  These gap junctions allow molecules and cell signals to pass from the 
environment to the developing oocyte.  In the rat, it has been shown that heat stress can 
cause apoptosis and decrease the amount and function of granulosa cells leading to 
reduced ovarian follicle function (Shimizu, Ohshima et al. 2005).  In bovine, heat stress 
to the cumulus cells for the first 24 hours of IVM caused a decrease in matrix 
metallopeptidase 9 (MMP9), an enzyme involved in extracellular matrix degradation 
(Rispoli, Payton et al. 2013).  It has been shown that MMP9, in humans, is vital at high 
levels in follicular fluid for a successful pregnancy to occur (Lee, Lee et al. 2005). 
8 
 
Actin, a microfilament contained in the oocyte cytoplasm, and microtubules are 
key components in cell division and cytoskeleton integrity.  Disorganization of the 
microtubules and actin proteins from heat stress reduces the ability of the meiotic spindle 
to properly separate during meiosis (Roth and Hansen 2005).  Rearranging of 
microtubules and actin filaments in the oocyte can also lead to the redistribution and 
interference of organelle placement.  The premature breakdown of these filaments can 
impede meiotic maturation as well as hinder their competence later on in embryo 
development.  
 
Heat Stress in Embryos 
Effects of heat stress after fertilization are quite evident on embryo development.  
Multiple studies have shown that elevated temperatures reduce the viability of embryos in 
vitro and in vivo.  Recently, it was discovered that in vitro fertilization at increased 
temperatures also leads to reduced embryo development (Sakatani, Yamanaka et al. 
2015).  The first 3 days of embryo development is a crucial part in the development of the 
embryo to the blastocyst stage.  Embryos that were in vitro matured in heat stress 
conditions displayed an alteration of RNA profile as compared to physiologically normal 
oocytes (Payton, Rispoli et al. 2011).  Heat stress affects occur during early oocyte 
maturation but become very apparent later on in development.   
Ca2+ content of oocytes has been shown to be lower in heat-shocked oocytes than 
in control oocytes, but only in medium that did not contain extracellular Ca2+ (Rispoli, 
Lawrence et al. 2011).  When the medium contained Ca2+, there was no significant 
difference between the two groups.  Polyspermy is also a problem, mainly in porcine, that 
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can cause disruption in embryo development.  Multiple sperm cells penetrating the 
oocyte caused by alterations in the zona pellucida can have a detrimental effect on 
embryo development (Sakatani, Yamanaka et al. 2015).  This increased sperm 
penetration may lead to increased amount of PLC ζ present in the ooplasm that can result 
in abnormal Ca2+ signaling. 
Another possible cause for heat stress-induced developmental problems could be 
from an alteration in lipid molecule signaling.  A decrease in any of these molecules 
could provide solid answers as to why developmental competence can be compromised.  
Endoplasmic reticulum dysfunction can be linked to heat stress, which can alter the IP3 
receptor/channel on the surface of the ER, and decrease the amount of store Ca2+ 
(Kamano, Ikeda et al. 2014).  Currently, little information is available on lipid profile and 
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CHAPTER 2 EFFECTS OF HEAT STRESS ON OOCYTE MATURATION 





Hyperthermia has been linked to a decrease in the percentage of matured oocytes 
and an overall incompetence in cytoplasmic maturation.  The objective of this study was 
to show the effects of heat stress (41°C) on the ability of the oocytes to reach metaphase 
II and blastocyst stage of embryo development.  Cumulus-oocyte complexes were 
collected from porcine ovaries and matured in vitro in two environments: 39°C (control) 
and 41°C (heat stress) for 40-44 hours.  The oocytes were then evaluated for the cell 
cycle stage they reached during maturation.  We found that heat stress caused a 
significant decrease in the percentage of oocytes that were able to reach the metaphase II 
stage (67.26% vs. 98.67%; P < .001).  In another experiment, matured oocytes from the 
control and heat stress groups were collected and fertilized in vitro.  Embryo 
development was determined by recording blastocyst formation by the end of a 6-day 
culture period.  We found that blastocyst formation was significantly lower in the heat-
stressed group compared to the control (P = 0.0018).  These results suggest that oocyte 
maturation and embryo development are severely hindered by increased ambient 




Follicles undergoing increased ambient temperatures in vivo can have long-lasting 
negative effects on oocyte competence.  Heat stress is directly associated, on average, to 
losses of $2.4 billion annually in domestic animal production (St-Pierre, Cobanov et al. 
2003).  Increased temperatures have been known to cause decreases in LH and estradiol 
levels in the maternal blood serum, which led to a reduction in oocyte and embryo 
potential (De Rensis and Scaramuzzi 2003).  Heat stress symptoms are not easily 
alleviated, even cooling Holstein cows in the hot summer months for 42 days did not 
reverse hyperthermia effects in oocytes (Al-Katanani, Paula-Lopes et al. 2002).  
Literature has shown that early stages of in-vivo maturation are susceptible to the 
deleterious effects of heat stress. 
Embryo development is dependent on the oocytes reaching metaphase II and 
becoming fertilized.  There are two events that are vital to oocyte maturation: 
cytoplasmic and nuclear maturation.  Nuclear maturation refers to the resumption of 
meiosis and progression of the cell cycle from prophase I to the metaphase II stage where 
the cell cycle stops again.  LH surge and transcripts inside the oocyte are the key 
elements contributing to meiotic maturation.  Cytoplasmic maturation events are also 
associated with oocyte maturation and they are vital for the generation of a competent 
mature oocyte and also, for the ability of the embryo to attach to the uterine lining (Eppig 
1996).  
 The severity and duration of heat stress during oocyte maturation determines to 
what extent oocyte viability will be compromised.  A study, in bovine, reported that heat 
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stress during the first 12 hours of maturation (out of 24 hours) had the most devastating 
effect on oocyte developmental competence, more severe than during the second half of 
the maturation period (Rispoli, Lawrence et al. 2011).  Oocytes were unable to recover 
from the negative effects induced by heat stress during the very early stages of maturation 
and this led to a subsequent reduction in the developmental potential of the resulting 
embryos.  Actin filaments and microtubules are proteins closely associated with the 
meiotic spindle function and cytokinesis during cell division.  These researchers also 
concluded that continual heat stress leads to the degradation of actin filaments located 
below the membrane.  This can lead to a reduction in the oocyte’s ability to move 
through cytokinesis. 
 As mentioned above, heat stress imposes severe difficulties for the oocyte to 
mature to metaphase II.  Heat stress oocytes that reach metaphase II still undergo 
difficulties in successful fertilization and embryo development.  In cattle, heat stress for 
the first 12 hours of maturation greatly reduced the percentage of 2-cell embryos 
developing to the blastocyst stage (Edwards and Hansen 1997).  During the same study, 
scientists also looked at the effects of heat stress on embryos, and found that it decreased 
the proportion of 2-cell embryos reaching the 4-cell stage.  Heat stress early in oocyte 
maturation is very apparent, however, heat treatment of a 2-cell embryo can also 
negatively impact the developmental potential to the 4-cell stage.  The negative effects 
imposed by heat stress become more evident as the oocyte progresses through meiosis 




Materials and Methods 
Chemicals 
 Chemicals were obtained from Sigma-Aldrich Chemical Company (St. Louis, 
MO) unless stated differently. 
 
Oocyte Maturation 
 Ovaries from prepubertal gilts were obtained from a local slaughterhouse and kept 
between 26°C and 39°C.  A syringe with a 20G hypodermic needle was used to extract 
follicular fluid from the ovaries.  Oocyte searching was performed to collect cumulus-
oocyte complexes (COC) that were rinsed twice in 39°C Hepes-buffered Tyrode’s 
Lactate (TL-Hepes) medium.  The COC’s were then washed three times in Tissue Culture 
Medium-199 (TCM-199) with 0.1 mg/mL cysteine, 0.5 IU/mL luteinizing hormone (LH), 
0.5 IU/mL follicle stimulating hormone (FSH), and 10 ng/mL epidermal growth factor 
(EGF).  They were then matured at 39°C (control group) and 41°C (heat stressed group) 
under an atmosphere of 5% CO2 in air and 100% humidity in an incubator.  After 40-44 
hours of maturation, COC’s were collected and vortexed in the presence of 1mg/mL 
hyaluronidase.  Fully mature oocytes exhibiting a first polar body, evenly distributed 





 Matured oocytes from control and heat-stressed groups were randomly selected to 
observe which meiotic state they reached.  Each group of oocytes were mounted on a 
microscope slide under a glass coverslip.  The slides were then placed in fixation jars in 
fixing solution consisting of methyl alcohol:glacial acetic acid (3:1).  After 7 days, the 
chromatin was stained with 1% (w/v) aceto-orcein.  The chromatin configuration of each 
oocyte was examined using a Nikon Eclipse 50i microscope at 200x magnification. 
 
In vitro Fertilization 
 Mature oocytes were selected and rinsed three times in modified Tris-buffered 
medium (mTBM), containing 113.1 mM NaCl, 3 mM KCl, 7.5 CaCl2x2H2O, 20 mM 
Tris, 11 mM glucose, 5 mM sodium pyruvate, 0.1% BSA, and 1 mM caffeine benzoate 
(Abeydeera and Day 1997).  They were then transferred into 50 μL droplets of mTBM 
(30 oocytes per droplet) in a petri dish covered with mineral oil.  Boar semen collected 
from the Purdue animal science research and education center (ASREC) was diluted with 
Modena sperm extender and incubated at 17°C up to 7 days.  Approximately 30 minutes 
after placing oocytes into the mTBM droplets, 300 μL of extended semen was placed into 
a 15 mL tube containing 10 mL of Dulbecco’s phosphate-buffered saline (DPBS).  The 
tube was centrifuged at 2100 g for 4 minutes, and repeated once more.  The sperm pellet 
was re-suspended with mTBM to give a concentration of 1 X 106 cells/mL, and 50 μL of 
sperm suspension was added to each fertilization droplet containing the oocytes. .  The 




 After 5 hours of incubation with the spermatozoa, the oocytes were washed in TL-
Hepes to remove the attached sperm cells.  They were then washed and cultured in 
porcine zygote medium-3 (PZM-3) with BSA and incubated at 39oC under 5% CO2 in air 
(OKADA, KRYLOV et al. 2006).  On day 7, the embryos were taken out of the incubator 
and embryo development was evaluated.  Blastocyst stage embryos were evaluated based 
on morphological analysis and recorded. 
 
Results 
Meiotic maturation status 
 Immature oocytes were matured for 40-44 hours at 39 or 41°C.  The percentage of 
oocytes reaching metaphase II was significantly lower in the heat stressed group (P< 
.001).  In Table 2.1, it shows that only 67.26% of heat stress oocytes (n=223) reached 
metaphase II whereas 98.67% of control oocytes (n=150) were able to complete 
maturation and arrested at the metaphase stage. 
 
Embryo development 
 Embryo development was evaluated on day 6 after in vitro fertilization.  Table 2.2 
showed a clear difference between the two groups developmental potential.  We found 
that 13% of the 39oC matured oocytes (n=200) developed to the blastocyst stage while 
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only 2.3% of the oocytes (n=128) matured at 41oC were able to form blastocyst by the 
end of the culture period.  This difference is statistically significant (P = 0.0018). 
 
Statistical Analysis 
 Maturation and embryo development data were analyzed using a two-tailed chi 
squared 2x2 contingency table with yate’s correction for continuity with a confidence 
level of .05.   
 
Discussion 
This study showed the effects of heat stress on oocyte maturation and embryo 
development.  Reductions in overall developmental competence are strongly correlated 
with heat stress during the 40-44 hours of oocyte in vitro maturation (IVM).  
Consequently, embryos from the heat stress group were also hindered in overall 
development following in vitro fertilization.   The deeper understanding of the underlying 
causes of heat stress can provide answers and solutions to prevent a decrease in viability. 
Development inside the follicle is crucial to the ability of a primary oocyte to 
mature and develop from prophase I of meiosis to metaphase II.  Table 2.1 shows heat 
stress reduction of oocyte maturation to metaphase II (98.67% vs. 67.26%; P<.001).  
Maturation events involving meiotic, cytoplasmic, and molecular events in combination 
of hormonal factors can impose a positive or negative effect on the oocyte’s competence 
(Sirard, Richard et al. 2006).  Although hormone and steroid production were not looked 
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at in this study they do play a key role in the maturation of the oocyte.  One study, 
involving hormone analysis, discovered that heat stress conditions decrease 
androstenedione production by the theca cells, which may lead to premature atresia (cell 
death) of the follicle (Roth, Arav et al. 2001).  Androgen production by theca cells is 
required for the conversion to estrogens by the granulosa cells.  Theca cells are the last 
type of cell that will die if atresia occurs, but if ovulation takes place they will then 
undergo hormone-dependent differentiation that is required for proper formation of the 
corpus luteum (Young and McNeilly 2010).  Hormonal manipulation has been used to 
combat the reduced steroid and hormone production from hot summer months in bovine 
and has resulted in an increase in pregnancy rates (Wolfenson, Roth et al. 2000). 
  Structural integrity of certain proteins and microtubules has been looked at in 
response to heat stress during oocyte maturation.  Degradation and breakdown of meiotic 
spindle and F-actin proteins from heat have previously been observed in bovine oocytes 
(Roth and Hansen 2005).  This deterioration can lead to a retardation of meiotic 
progression in the oocyte.  In bovine, it has been reported that severity and timing of heat 
stress has variable effects on oocyte maturation.  Heat stress of bovine oocytes during the 
first half of the 24 hours of maturation had a more significant impact than that of the 
second half or during fertilization (Rispoli, Lawrence et al. 2011). 
As seen in Table 2.2, the difference in the percentage of blastocyst formation 
between control and heat stress groups was significant (13.0% vs. 2.3%; P = 0.0018).  
During this study, blastocyst formation was the only form of developmental competence 
measured, but embryo quality may have been reduced too.  Fertilization, as well as 
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blastocyst formation, expansion, and hatching were all significantly reduced due to the 
hot summer months of the year (Monty and Racowsky 1987).  Cleavage rates of embryos 
are a good indicator of the overall ability of certain oocytes.  Proportion of oocytes and 
embryos that cleaved and developed to the blastocyst stage are also reduced during 
warmer months (Al-Katanani, Paula-Lopes et al. 2002).  Another paper measured the 
differences in caspase activity, which are a family of cysteine proteases necessary for 
apoptosis, or programmed cell death.  Heat stress lowered the amount of caspase activity 
in blastocyst stage embryos; caspase is required for the removal of dead or damaged 
cells, which can impede embryo quality over time (Roth and Hansen 2004).  Meiotic 
maturation being decreased is one way that embryo development will be affected but 
there are a multitude of factors that are involved in the activation and development of the 
embryo.         
There is a combination of factors that work together for successful embryo 
development including meiotic maturation, amount of Ca2+ stored in intracellular stores, 
and signaling mechanisms for Ca2+.  As sperm PLC ζ causes PIP2 to hydrolyze into IP3 
and DAG, a series of Ca2+ oscillations will take place.  These Ca2+ transients are vital to 
the immediate development of the embryo.  Abnormalities put the embryo at jeopardy for 
viability and survival.  Increased temperatures during maturation may have significant 
effects inside the oocyte that can lead to decreased embryo development.  This present 
study was limited in the measurement of high quality embryos.  Morphological standards 
of the blastocyst stage were used to determine viability of the embryo.  This does not take 
into account multiple variables that contribute to a high quality blastocyst embryos that 
can result in a successful pregnancy.  Also, the inability of oocytes to reach metaphase II 
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was only measured through chromatin configuration staining.  Multiple factors play into 
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Table 2.1.  Meiotic maturation of control and heat stressed oocytes to metaphase II after 
40-44 hours 
Treatment Total No. of 
Oocytes  
No. of MII Oocytes  % of MII Oocytes 
Control 150 148 98.67a 
Heat Stress 223 150 67.26b 
a,bDifferent superscripts within the same column denote significant differences (P<.001) 
 
Table 2.2.  Embryo development 6 days after in vitro fertilization of heat stressed and 
control oocytes 
Treatment Total No. of 
Embryos  
No. of Blastocysts % of Blastocyst 
Formation 
Control 200 26 13a 
Heat Stress 128 3 2.34b 
a,bDifferent superscripts indicate significant differences (P=.0018) 
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CHAPTER 3 EFFECTS OF HEAT STRESS ON INTRACELLULAR CA2+ 




 As stated in the previous chapter, higher ambient temperatures have severe 
negative effects on oocyte maturation and embryo development.  The compromising 
effects of heat stress during maturation and development raise questions pertaining to 
cytoplasmic changes.  This study focused on the Ca2+ signaling mechanism that is used 
to activate the oocyte and essential for successful fertilization.  The objective was to 
determine the effects of heat stress on the oocyte’s intracellular Ca2+ store as well as the 
overall size and distribution of the endoplasmic reticulum (ER).  In the first part of this 
study, the total amount of Ca2+ stored in the ER was determined. Potential alterations in 
Ca2+ signaling were assayed by monitoring Ca2+ transients after sperm penetration.  
Lastly, the morphology and distribution of the ER were measured using an indirect 
immunocytochemical staining approach.  These experiments were designed to measure 
the effects of oocyte hyperthermia on the fertilization process. 
 Porcine oocytes were matured in vitro at two different temperatures (39oC and 
41oC) for 40-44 hours and loaded with fura-2 AM, a Ca2+ indicator dye.  The oocytes 
were then administered 10 μM of ionomycin, a Ca2+ ionophore, in a Ca2+-free medium
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and the amount of Ca2+ released from the ER was measured using a dual wavelength 
Ca2+imaging system.  Heat stress caused a significant decrease in the amplitude of the 
ionomycin-induced Ca2+ transient (P <.00001) as well as overall Ca2+ content of the ER 
(P = 0.0004).  Duration of release and timing were not affected by heat stress nor were 
basal Ca2+ levels.  After analyzing the fertilization Ca2+ signal in the control and heat-
stressed oocytes, we found that the average amplitude of the Ca2+ transients was 
significantly smaller in the heat stressed group than that in the control (fluorescent ratio 
of 2.08 vs. 2.45; respectively; P = 0.009).  Immunocytochemical labeling of the ER 
revealed that heat stress had an observable negative effect on the morphology of the Ca2+ 
store.  Control oocytes (10 out of 10) showed an even ER distribution but heat stress 
caused an uneven distribution of the ER in some cases (4 out of 10). 
 
Introduction 
Ca2+ is one of the most important second messengers in the biological world as it 
is responsible for the regulation of numerous intracellular activities ranging from muscle 
movements to gene expression (Clapham 2007).  As mentioned previously, an early step 
during mammalian fertilization is the activation of the Ca2+ signaling mechanism.  After 
gamete fusion the sperm releases PLC ζ (PLC zeta) into the ooplasm that causes a 
cascade of events to occur (Saunders, Swann et al. 2007).  These events will eventually 
result in the release of Ca2+ from the intracellular stores and the subsequent repletion of 
Ca2+ from the extracellular medium.  One of the major roles of Ca2+ in the cytoplasm is to 
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induce cortical granule exocytosis which is involved in polyspermy prevention (Kline 
and Kline 1992).  
The endoplasmic reticulum (ER) is the organelle that serves as the intracellular 
Ca2+ store for the oocyte.  During fertilization, PLC ζ causes the cleavage of PIP2 into IP3 
and DAG.  DAG is closely associated with protein kinase C (PKC) and is directly 
responsible for its activation (Nishizuka 1995).  IP3 binds to its receptor located on the 
surface of the ER and this binding triggers the release of Ca2+ from the store.  The 
released Ca2+ is pumped back into the ER, and it can also be removed from the cell 
through the plasma membrane.  Ca2+ extrusion can be so effective that extracellular Ca2+ 
may be needed to enter the cell and replete the ER.  DAG and PKC together has been 
shown to stimulate Ca2+ influx from the extracellular space (Bootman, Berridge et al. 
2002).  The repetitive release and re-uptake of Ca2+ by the ER leads to transient 
elevations in the cytosolic Ca2+ levels that cause the oocyte to activate and the cell cycle 
to resume.   
The negative consequences of heat stress on the ER can be observed through 
measuring the total amount of Ca2+ released from intracellular stores, which in heat 
stressed bovine oocytes were significantly lower than in control oocytes that were not 
exposed to hyperthermia conditions (Rispoli, Lawrence et al. 2011).  This reduction in 
Ca2+ may be due to a shrinking of the ER and/or the deterioration of the overall function 
of the organelle.  The ER is responsible not only for the storage of Ca2+, but also the 
synthesis of lipids, which are key energy substrates as well as signaling molecules.  
During summer months, lipid composition of growing goat oocytes is altered leading to a 
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significant reduction in phospholipids (Sangha, Bhatia et al. 2007).  Aberrant levels of 
phospholipids such as IP3 and DAG can result in an abnormal Ca2+ signal that may have a 
negative effect on embryo development after fertilization.  Reductions in total Ca2+ store 
content may be linked to reductions in Ca2+ during fertilization.  Experiments performed 
in this study are aimed to determine the root causes of disruptions during fertilization in 
heat stressed oocytes.   
 
Materials and Methods 
Chemicals 
 Chemicals were obtained from Sigma-Aldrich Chemical Company (St. Louis, 
MO) unless stated differently. 
 
Oocyte Maturation 
 Ovaries from prepubertal gilts were obtained from a local slaughterhouse and kept 
between 26°C and 39°C.  A syringe with a 20G hypodermic needle was used to extract 
follicular fluid from the ovaries.  Oocyte searching was performed to collect cumulus-
oocyte complexes (COC) that were rinsed twice in 39°C Hepes-buffered Tyrode’s 
Lactate (TL-Hepes) medium.  The COC’s were then washed three times in Tissue Culture 
Medium-199 (TCM-199) with 0.1 mg/mL cysteine, 0.5 IU/mL luteinizing hormone (LH), 
0.5 IU/mL follicle stimulating hormone (FSH), and 10 ng/mL epidermal growth factor 
(EGF).  They were then matured at 39°C (control group) and 41°C (heat stressed group) 
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under an atmosphere of 5% CO2 in air and 100% humidity in an incubator.  After 40-44 
hours of maturation, COC’s were collected and vortexed in the presence of 1mg/mL 
hyaluronidase.  Fully mature oocytes exhibiting a first polar body, evenly distributed 
cytoplasm, and an intact membrane were selected for further analyses. 
 
Orcein Staining 
 Matured oocytes from control and heat-stressed groups were randomly selected to 
observe which meiotic state they reached.  Each group of oocytes were mounted on a 
microscope slide under a glass coverslip.  The slides were then placed in fixation jars in 
fixing solution consisting of methyl alcohol:glacial acetic acid (3:1).  After 7 days, the 
chromatin was stained with 1% (w/v) aceto-orcein.  The chromatin configuration of each 
oocyte was examined using a Nikon Eclipse 50i microscope at 200x magnification. 
 
In vitro Fertilization 
 Mature oocytes were selected and rinsed three times in modified Tris-buffered 
medium (mTBM), containing 113.1 mM NaCl, 3 mM KCl, 7.5 CaCl2x2H2O, 20 mM 
Tris, 11 mM glucose, 5 mM sodium pyruvate, 0.1% BSA, and 1 mM caffeine benzoate.  
They were then transferred into 50 μL droplets of mTBM (30 oocytes per droplet) in a 
petri dish covered with mineral oil.  Boar semen collected from the Purdue ASREC was 
diluted with Modena sperm extender and incubated at 17°C up to 7 days.  Approximately 
30 minutes after placing oocytes into the mTBM droplets, 300 μL of extended semen was 
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placed into a 15 mL falcon tube containing 10 mL of Dulbecco’s phosphate-buffered 
saline (DPBS).  The tube was centrifuged at 2100 g for 4 minutes.  The sperm pellet was 
re-suspended with mTBM to give a concentration of 1 X 106 cells/mL, and 50 μL of 
sperm suspension was added to each fertilization droplet containing the oocytes. .  The 
spermatozoa and oocytes were co-incubated at 39°C under 5% CO2 in air for 5 hours. 
 
Fluorescence Recordings 
 Two hours after the beginning of in vitro fertilization, the oocytes were washed in 
TL-Hepes to remove the attached spermatozoa.  They were then loaded with the Ca2+ 
indicator dye fura-2 by incubating them with 2μM fura-2 (acetoxymethyl ester form of 
the dye) and 0.02% pluronic F-127 to prevent compartmentalization (both from 
Invitrogen; Carlsbad, CA), in TL-Hepes medium for 45 minutes.  After incubation the 
oocytes were washed with TL-Hepes and placed into non-BSA mTBM for measurement.  
BSA is not used in this mTBM so the oocytes are able to stick to the bottom glass cover 
slip in the measurement chamber and become immobilized.  Intracellular free Ca2+ 
concentration was measured using a dual-wavelength fluorescence imaging system, InCyt 
Im2 (Intracellular Imaging, Inc.; Cincinnati, OH).  Fluorescence was recorded by 
calculating the ration of fura-2 fluorescence at 510 nm excited by ultraviolet light at 340 
and 380 nm.  The Ca2+ levels are presented as fluorescence ratio values with ratios of 1 




Estimating Ca2+ store content 
 Mature oocytes (both heat stressed and control) were loaded with fura-2 dye and 
placed in a 124 μL droplet of Ca2+-free TL-Hepes.  The fluorescence recordings were 
started and after about 5 minutes of baseline recording ionomycin (10 μM) was 
administered.  Measurements continued until the intracellular Ca2+ increase induced by 
ionomycin returned to baseline level. 
 
Immunocytochemistry 
 After 40-44 hours of maturation, oocytes were removed from the maturation 
medium and washed in TL-Hepes.  They were then fixed in 3.7% paraformaldehyde in 
PBS for 30 minutes at room temperature.  Next, they were permeabilized with 0.5% 
Triton X-100 in PBS for 1 hour at room temperature, and subsequently blocked by 
blocking solution (.01% PBS Tween-20, 2% BSA) for one hour at room temperature as 
well.  The oocytes were then washed with PBS and incubated with an antibody raised 
against protein disulfide isomerase (PDI), a protein associated with the endoplasmic 
reticulum (mouse IgG2b monoclonal, from Invitrogen Corporation; Carlsbad, CA, 
(dilution 1:200) overnight at 4°C.  The next day, they were rinsed in PBS and incubated 
with Alexa Fluor 488-conjugated goat anti-mouse IgG (to label the endoplasmic 
reticulum; Invitrogen, dilution 1:500) for one hour.  The DNA was stained by Hoechst 
33342 for 10 minutes, followed by two washes in PBS.  The oocytes were mounted on 
microscope slides under cover slips.  The endoplasmic reticulum was observed with a 
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laser-scanning confocal microscope (Zeiss LSM 710; Carl Zeiss MicroImaging, LLC, 
Thornwood, NY.). 
Statistical Analysis 
 Data were analyzed using a two-tailed student t-test at .05 confidence level.  Area 
under the curve in the ionomycin Ca2+ content experiment was calculated by using 
Riemann sum, which analyzes area of curves on a graph.   
 
Results 
Ca2+ content of the ER 
 Fura-2 loaded oocytes from both groups were analyzed to assess total Ca2+ 
content of their intracellular stores.  Ionomycin stimulated the release of stored Ca2+ in 
the oocytes (Figure 3.1). The amount of Ca2+ released in response to ionomycin was 
estimated by measuring the average amplitude of the Ca2+ transient and the area under the 
Ca2+ curve.  As shown in Table 3.1, the mean amplitude of the Ca2+ transient in the 
control group was 595.7 nM Ca2+ while in the heat stressed oocytes it was only 338.4 nM 
Ca2+, and were found to be significantly different.  The average area under the curve 
indicating total amount of Ca2+ was also lower in heat stressed oocytes.  There was no 







 Confocal imaging was used to detect if there was a size reduction in the ER as a 
result of heat stress.  Control oocytes displayed an even and reorganized endoplasmic 
reticulum that extended in the entire ooplasm (10 out of 10 oocytes; Fig. 3.3, A).  In the 
oocytes that were matured at a higher than normal temperature, 4 out of 10 oocytes had 
an ER that showed a degradation and a certain degree of condensation (Fig. 3.3, C).   
 
The fertilization Ca2+ signal 
 Control and heat stressed oocytes were loaded with fura-2 and fertilized in vitro.  
The characteristics of the sperm induced Ca2+ oscillations were clearly different between 
the two treatment groups (Fig. 3.2).  In the average amplitude of the Ca2+ transients was 
significantly lower in heat stressed oocytes (Table 3.2; P = 0.009).  Interestingly, there 
was no significant difference in the frequency (mean interval between transients) between 
the control and heat stressed oocytes (P = 0.7734). 
 
Discussion 
Poor embryo development can be linked to a variety of degradations caused 
during the maturation stages of the oocyte.  Overall Ca2+ content in the intracellular store, 
the ER, was significantly lowered due to either a lack of functionality or decrease in 
overall size.  Ca2+ oscillations following fertilization also showed abnormalities 
especially in their amplitudes, while the frequency of the oscillations were not 
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significantly different.  Lastly, confocal microscopy was used to assess ER morphology 
and we found that 4 out of 10 heat-shocked oocytes had an uneven ER distribution.  
Control oocytes displayed an even distribution (10 out of 10), and no statistical analysis 
was performed between the ER groups. 
Increased temperatures during IVM lowered the amount of stored Ca2+ and 
altered the mechanism for Ca2+ signaling.  Alterations of Ca2+ signaling were apparent 
during fertilization after IVF, the Ca2+ oscillation’s amplitudes were significantly lower in 
heat stress groups.  This difference can be seen in Table (3.2), which shows significance 
in the average amplitude but not in the time between frequencies.   The ER spans the 
entire cytoplasm, which closely resembles a spider web-like structure.  It undergoes 
reorganization during the maturation process as the oocyte proceeds from prophase I to 
metaphase II, and dense ER clusters will appear in the cortex that correlate to an 
increased ability to generate a Ca2+ signal during fertilization (Mehlmann, Terasaki et al. 
1995).  It is noticeable in heat stress oocytes that incomplete reorganization of the ER is 
shown in some cases (Fig. 3.3, C).  Arrows showing the uneven distribution throughout 
the cytoplasm highlight the differences between control (Fig. 3.3,A) and heat stress (Fig. 
3.3, C) oocytes.  These results can infer that the elevated temperatures may affect ER size 
during oocyte maturation, which can adversely decrease functionality during signaling.   
Ionomycin is a Ca2+ ionophore, which can be used to induce the release of Ca2+ 
from the intracellular stores.  It can also cause the influx of extracellular Ca2+, but if 
administered in a Ca2+-free environment the size of the Ca2+ transient it stimulates is an 
indicator of the amount of Ca2+ stored in the ER.  Ionomycin stimulates the release of 
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Ca2+ from the intracellular store and oscillations can occur if Ca2+ is contained in the 
extracellular medium.  Interestingly, the time leading to the initiation of Ca2+ release was 
not affected by heat stress in this experiment.  The duration of release, duration to the 
peak, and basal Ca2+ levels were not found to be significant (Table 3.1).  Figure (3.1) 
represents the Ca2+ content release after ionomycin administration.  The control group 
(blue) has a much larger release and total Ca2+ content compared to the heat stress group 
(red).  The same difference in amplitude was detected in the analysis of Ca2+ oscillations 
after IVF (Table 3.2).  There does not appear to be a difference in the time between 
oscillations, which could be the result of multiple sperm penetration causing an increased 
Ca2+ signaling.   
Heat stress during IVM has a detrimental effect on Ca2+ stored and release during 
fertilization that leads to a lower proportion of embryos reaching blastocyst.  Heat stress 
has been shown to cause changes in a number of parameters including the amplitude, the 
area under the curve, basal Ca2+ level, and duration of release (Rispoli, Lawrence et al. 
2011).  Based on these results, heat stress during oocyte maturation may negatively affect 
the functionality of the ER.  During maturation the reorganization of the ER is required 
for successful Ca2+ signaling, which is dependent on microtubule and microfilament-
dependent phases (FitzHarris, Marangos et al. 2007).  As previously mentioned, 
increased temperatures during maturation caused very apparent degradation of actin 
filaments that can cause a malfunction in ER reorganization.  ER distribution in the 
cytoplasm was displaced, in some cases, due to heat stress in this experiment but was not 
statistically analyzed for significance.   Both the Ca2+ content of the store, or its 
sensitivity to release the stored Ca2+ (or both) appears to be altered and this leads to 
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profound decreases in its functionality, manifested as abnormal Ca2+ signals during 
fertilization.  ER distribution after maturation may be negatively impacted due to heat 
stress, but negative controls of the secondary antibody were not assessed.  Therefore the 
results may not be taken into full consideration in this experiment.  In the next chapter, 
phospholipid content differences will be measured, which may provide reasoning to 
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Control 595.7a 174.34 40.46 146.30 1774120a 
Heat Stress 338.4b 223.24 48.54 141.1 69887.8b 
a,bDifferent superscript letters in the same column indicate significant differences 
(P<.001) 
 
Table 3.2.  Characteristics of Ca2+ transients after IVF in control and heat stress oocytes 




Control 50 2.45a 11.83 
Heat Stress 44 2.08b 12.13 








Figure 3.1. Intracellular Ca2+ store content release after administration of 10 μM ionomycin in 

















Figure 3.2. Ca2+ oscillations after IVF in control (blue) and heat stress (red) oocytes 
IVF Oscillations Control vs. Heat Stress
Time (seconds)



























Figure 3.3. Endoplasmic reiticulum morphology after maturation in control (A, 10/10) and 









As mentioned in the Ca2+ signaling chapter, heat stress created difficulties in total 
intracellular content as well as discrepancies in subsequent Ca2+ oscillations during 
fertilization.  One reasoning behind this decrease of stored Ca2+ was the decrease in size 
or function of the endoplasmic reticulum.  The aim of this experiment is to identify 
differences in overall lipid content caused by increased ambient temperatures during 
meiotic maturation.  Desorption electrospray ionization Mass Spectrometry (DESI-MS) 
was used to detect total lipid content, specifically triglycerides (TG), diacylglycerol 
(DAG), and other phospholipids.  The first study, showed a slight tendency for a decrease 
in DAG content, but all other lipids remained similar.  The second experiment, which 
contained a larger data set, showed no significant difference in DAG content.  There was 
also no difference in triglyceride abundance, and phospholipid content data could not be 
analyzed.  The data are difficult to take into consideration due to the fact that sensitivity 
and abundance of the target lipids are extremely low during this phase of development.   
In these experiments, porcine oocytes were matured in the heat stress (41oC) in 
the control (39oC) environment.  The oocytes were plated on microscope slides and 
frozen at -80oC until ready to be analyzed.  The slides were then analyzed by DESI-MS, 
and the results were collected with MATLAB.  The mass range of the chemical analysis 
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of the lipids ranged from m/z 200-1000 in negative ion mode and m/z 600-1400 in 
positive ion mode.  The first experiment a difference in DAG abundance at 727 and 759 
m/z that was lower in the heat stress group.  In the second experiment, this difference in 
DAG was not reproduced nor were differences found.  Triglycerides were high in both 
groups and there was no clear difference between them.  Phospholipid content is 
considered to be at very low levels before and during maturation and therefore PIP2 and 
IP3 could not be compared between the groups. 
 
Introduction 
The initial step of oocyte activation and embryo development is the signaling of 
Ca2+ release from the intracellular store.  This signaling is triggered by the cleavage of 
PIP2, a membrane-resident lipid, into two lipids: IP3 and DAG.  IP3, a phospholipid, 
which receptors increase during maturation, plays a key role in Ca2+ release causing 
subsequent meiotic resumption, and fertilization (He, Damiani et al. 1997).  Certain lipids 
are vital for successful signaling during fertilization; others act as important energy 
substrates as the oxidation of lipids generates energy for the oocyte during maturation 
(Sturmey, Reis et al. 2009).  
Beta-oxidation of fatty acids creates ATP and the upregulation of this oxidation 
has been shown to improve oocyte competence and embryo development (Dunning, 
Cashman et al. 2010).  Consequently, an inhibition of beta-oxidation led to a reduced 
developmental potential of the oocyte.  It has been demonstrated that heat stress increases 
the rate of beta-oxidation of fatty acids during oocyte maturation (Hooper 2014).  An 
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increase in beta-oxidation causes an over-abundance of ATP generation in the oocyte, 
and can cause an early onset of germinal vesicle breakdown (GVBD) and meiotic 
maturation (Hooper 2014).  This hastened maturation could cause premature ageing in 
oocytes that endure increased ambient temperatures during maturation.  Currently, there 
is no research published determining the negative effects of heat stress on lipid oxidation 
rate during maturation, but the possibility exists that it could be linked to a decrease in 
developmental competence of the oocyte. 
As mentioned above, phospholipids are a vital component of oocyte activation.  
Without the proper Ca2+ signaling, the oocyte will not activate effectively that can 
eventually lead to a lowered pregnancy rate.  Intra-cytoplasmic sperm injection (ICSI), a 
powerful assisted reproductive technology has been shown to cause lower numbers of 
Ca2+ oscillations in comparison with in vitro fertilization (IVF), and it has been 
determined that a reduced amount of oscillations has detrimental consequences later on in 
development (Kurokawa and Fissore 2003).  Heat stress carries a highly probable chance 
that the oocyte will prematurely age, as stated previously.  Premature ageing also 
increases the oxidation of fatty acids, which leads to higher intracellular amounts of ATP.  
It has also been discovered that aged mouse oocytes are unable to readjust ATP levels at 
fertilization, which can alter Ca2+ oscillations leading to a decreased developmental 
potential (Igarashi, Takahashi et al. 2005).  The increased oxidation of lipids might cause 
a dramatic decrease in the amount of phospholipid signaling for Ca2+.  A limited number 




Materials and Methods 
Chemicals 
 Chemicals were obtained from Sigma-Aldrich Chemical Company (St. Louis, 
MO) unless stated differently. 
 
Oocyte Maturation 
 Ovaries from prepubertal gilts were obtained from a local slaughterhouse and kept 
between 26°C and 39°C.  A syringe with a 20G hypodermic needle was used to extract 
follicular fluid from the ovaries.  Oocyte searching was performed to collect cumulus-
oocyte complexes (COC) that were rinsed twice in 39°C Hepes-buffered Tyrode’s 
Lactate (TL-Hepes) medium.  The COC’s were then washed three times in Tissue Culture 
Medium-199 (TCM-199) with 0.1 mg/mL cysteine, 0.5 IU/mL luteinizing hormone (LH), 
0.5 IU/mL follicle stimulating hormone (FSH), and 10 ng/mL epidermal growth factor 
(EGF).  They were then matured at 39°C (control group) and 41°C (heat stressed group) 
under an atmosphere of 5% CO2 in air and 100% humidity in an incubator.  After 40-44 
hours of maturation, COC’s were collected and vortexed in the presence of 1mg/mL 
hyaluronidase.  Fully mature oocytes exhibiting a first polar body, evenly distributed 




DESI-MS Lipid Profile 
 The assessment of the overall lipid profile of heat stressed and control oocytes 
was done in collaboration with Purdue’s Chemistry Department, using Desorption 
Electrospray Ionization Mass Spectrometry (DESI-MS) (Ferreira, Eberlin et al. 2012).  
Matured heat stressed (n=31) and control oocytes (n=33) (Fig. 4.1) were randomly 
selected from each group and washed two times in PBS containing 0.1% polyvinyl 
alcohol (PVA).  They were then washed three times in a 3:1 ratio of methyl alcohol to 
water, and placed on a microscope slide in a small amount of medium.  The slides were 
then stored at -80 oC until ready for analysis.  The DESI-MS sprays electrospray solvent 
in low amounts to generate a thin layer of solvent allowing analyte dissolution.  
Continual charged droplets hit the slide and splashes up small analyte containing droplets 
that will evaporate and generate ions from this process.  A mass spectrometer attachment 
allows analysis of these lipid containing droplets and the data were collected using 
MATLAB.  Diacylglycerol (DAG) and other triglycerides (TAG) have a positive charge 
and therefore the oocytes were analyzed in positive ion mode from m/z 600-1400, while 
negatively charged lipids such as PIP2 and IP3 were analyzed in negative ion mode from 
m/z 200-1000.   
 These experiments used a Thermo Scientific Exactive (San Jose, CA) MS to map 
out the profiles.  A built-in lab stage supported the constant DESI spray at a 52° angle 
and ~2 mm from the surface of the slide (Fig. 4.4).  DESI spray was charged with 5kV to 
the stainless steel needle syringe with nitrogen gas pressure at 180 psi.  The positive ion 
mode used acetonitrile doped with 3.5 µg/mL silver nitrate (AgNO3) solvent sprayed at 4 
µL/min.  The negative ion mode used dimethylformamide/acetonitrile (DMF:ACN 1:1 
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v/v) as the solvent at a rate of 1 µL/min.  DAG and TAG standards were used in this 
analysis.  Molecular matching of lipids and error calculations were completed using 
Xcalibur v.1.0.1.03 (Thermo Fisher Scientific, San Jose, CA) software and lipid 
molecular formulas were found in the LIPID MAPS database.  Principal component 
analysis (PCA) was used to navigate through the DESI-MS data, and create groupings of 
samples from chemical similarities.  PCA is capable of rearranging the data into sets of 
samples, so as to use the least amount of variables in the description, and compress data 
into simplistic results to comprehend. 
 
Results 
DESI Lipid analysis 
 DESI-MS was used to compare lipid content of heat stress and control oocytes.  
The majority of lipids remained unchanged in the positive ion mode as seen in (Fig. 4.2, 
B), but a slight tendency to have a decrease in diacylglycerol (DAG) content was 
detected in some cases (Fig. 4.2, A).  A second analysis was performed and no difference 
was reported between the two groups in both positive and negative ion mode.  Figure 
(4.1) displays no differences between the heat stress (n=31) and control groups (n =33).  
DAG content remained insignificant and relatively the same low concentration in both 
groups.  Figure (4.3) shows the lipid content and abundance of a control oocyte in 
negative ion mode.  Not enough oocytes displayed signals in negative ion mode to 




 The goal of this experiment was to determine if heat stress during maturation 
causes an alteration in the lipid make-up of porcine oocytes.  Heat stress during meiotic 
maturation not only lowers the proportion of oocytes capable of reaching metaphase II, 
but it also causes well-defined alterations in the amount of Ca2+ stored in the endoplasmic 
reticulum and in the patterns of Ca2+ oscillations during IVF.  Consequently, these all 
contribute to the overall decrease in embryo development, which was previously 
described.  The phospholipids PIP2 and IP3 are directly involved in the Ca2+ signaling 
mechanism required for successful oocyte activation and fertilization (Swann, Saunders 
et al. 2006).  Overall lipid content attributes to energy production in the oocyte, 
especially during key stages of meiotic maturation (Sturmey, Reis et al. 2009).  
Triglycerides were found to be the most abundant lipid in the oocytes, while relatively 
low intensities of DAG were detected.  Unfortunately, due to sensitivity issues of the 
technology, exact differences in DAG, IP3, and PIP2 contents could not be quantified. 
In one experiment, heat stress during maturation was investigated and the full 
positive ion spectrum is shown in Figure (4.2, B) with heat stress (red) and control (blue).  
A slight tendency for a reduction in lipids is seen (Fig. 4.2, A), which shows the control 
(blue) and heat stress (red) lipid content graphed besides one another, there is a clear 
contrast at the 727 and 759 m/z.  Interestingly, the rest of the spectrum had no other 
distinctions in lipid abundance.  The same experiment was repeated and there no 
differences in DAG content.  Figure (4.1) shows heat stress (n=31) and control (n=33) 
lipid content in positive ion mode over the 600-1400 m/z range.  The data were analyzed 
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using principal component analysis (PCA), which is a data compression program to 
eliminate unnecessary variables to maximize statistical significance.  No discrepancies 
between the groups were measured even after meiotic maturation.  Triglyceride content 
was very high in all of the oocyte groups, but DAG remained very low.  Not enough 
phospholipid measurements could be produced for the second experiment, which may be 
caused from the minute concentration before fertilization and embryo development.  
Figure (4.3) shows a control oocyte in negative ion mode from m/z 200-1000, which 
shows the m/z ranges for free fatty acids, fatty acid dimers, and phospholipids.  Not 
enough signals were detected in negative mode and, therefore, an analysis could not be 
performed between the groups.   
Oocytes are lipid-dense cells that differ in total content between species.  
Immature porcine oocytes, in comparison with murine and bovine, contained 2.4-fold 
more lipid droplets of the cytoplasm (Genicot, Leroy et al. 2005).  It was also reported 
that the average triglyceride abundance of porcine oocytes are three-fold higher than in 
cattle and sheep oocytes, and phospholipids accounted for about one-quarter (w/w) of the 
fatty acid mass in all three species (McEvoy, Coull et al. 2000).  Before maturation, 
bovine oocyte triglyceride content is at its highest concentration and decreases 
significantly during meiotic maturation, but, after fertilization, it stabilizes around the 2-
cell stage (Ferguson and Leese 1999).  As the oocyte matures and becomes fertilized the 
progression causes a decrease in the amount of fatty acid make-up, insinuating that lipid 
content correlates with developmental potential in bovine.  Blocking of lipid oxidation in 
bovine oocytes during maturation, subsequent embryo development and blastocyst 
52 
 
formation was reduced (Ferguson and Leese 2006).  Lipid oxidation and fatty acid 
content must play a crucial part in the production of energy during meiotic maturation. 
As previously mentioned, porcine oocytes are the most triglyceride abundant 
gamete among domestic species (McEvoy, Coull et al. 2000).  It is well established that 
oocytes during warmer months exhibit lower qualities and a reduced ability to fertilize 
and develop to the blastocyst stage (Al-Katanani, Paula-Lopes et al. 2002).  Increased 
heat should also have a modifying effect on lipid content from a non-favorable 
maturation environment.  (Hooper 2014) discovered that heat stress increased the rate at 
which lipids were being oxidized and a shorter time was required for GVBD.  Since beta-
oxidation of fatty acids for energy production is the highest during maturation it is 
understandable that heat stress would prematurely ‘age’ an oocyte.  One study, looking at 
fatty acid content of oocytes from summer and winter months found that oocytes in the 
summer had higher saturated fatty acid content and winter oocytes were rich in 
unsaturated fatty acids (Zeron, Ocheretny et al. 2001).  These major adjustments in fatty 
acid content probably play a role in lowering the ability of these oocytes to be fertilized 
and give rise to normal embryos with good viability.  The endpoint of this study was to 
identify this fatty acid and phospholipid adaptation to the increased temperatures during 
meiotic maturation.  The sensitivity of the technique to detect extremely small amounts of 
lipids concentrations needs to be increased in order to gain a deeper understanding of the 
fatty acid profiles of the oocytes.  Lipid analysis of large amounts of matured oocytes 
would be a more reliable experiment to determine the effects of heat stress on content.  
An analysis approximately two hours after fertilization could also provide a better 
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Figure 4.1. PCA of lipid content in heat stress (red, N=31) and control (green, N=33) 








Figure 4.2. Lipid content of control (blue) and heat stress (red) oocytes in positive ion 
mode.  B. shows the overall lipid analysis spectrum with control and heat stress 
oocytes overlay. A. shows a zoomed in region of DAG with differences detected at 727 





Figure 4.3. Lipid content of a control oocyte in positive ion mode.  Free fatty acids are 
in the 200-400 m/z, fatty acid dimers are in the 500-700 m/z, and phospholipids are in 
the 800-900 m/z 
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Figure 4.4. Shows the DESI-MS set up with the electrospray at an angle and the 
moving stage horizontal to the slide 
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 Alteration of maturation conditions during oocyte maturation directly impacts the 
developmental competence and embryo viability.  Hyperthermia imposes restraints on the 
meiotic maturation of the oocyte (i.e., development from prophase I to the metaphase II 
arrest) as well as hinders blastocyst formation after fertilization.  Eggs must reach 
metaphase II before they are capable of being fertilized by a sperm cell.  Once sperm 
penetration occurs, Ca2+ signals are triggered that initiate oocyte activation.  This study 
showed that heat stress is responsible for significant differences in the proportion of 
oocytes reaching metaphase II and the ability of embryos developing to the blastocyst 
stage.   
Adverse effects during oocyte maturation can be linked to the overall reduction in 
developmental potential.  Heat stress caused a series of negative changes to the cytoplasm 
throughout the 40-44 hours maturation.  Not only did heat stressed oocytes contain lower 
amounts of intracellular calcium stored in the endoplasmic reticulum (ER), but evidence 
can be seen that a decrease in ER size can be observed in some cases.  Whether or not a 
smaller ER organelle size has effects on calcium oscillations, data suggests that ER 
function can be negatively impacted due to heat stress.   
Overall lipid content in the oocytes discrepancies were not observed in heat stress 
and control groups.  Triglyceride content was similar in both the control and heat stress
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groups (Fig. 4.1).   In some cases, heat stress caused a slight tendency for a reduction of 
DAG content (Fig. 4.2), but when the same experiment was reproduced no differences in 
lipid content was found (Fig. 4.1).  Phospholipid content couldn’t be compared between 
the groups due to a sensitivity error in the technology.  During calcium signaling, DAG 
stimulates the function of PKC, which mediates extracellular calcium entry.  Any 
alteration of DAG content may lead to a decrease in calcium entry and that can disrupt 
fertilization and subsequent embryo development.  When we measured calcium signaling 
during fertilization we found that the amplitude of the sperm-induced calcium oscillations 
were significantly lower in heat stressed oocytes.  If a decrease was seen in lipid content, 
it could provide more explanation to the hindered development of the oocytes and 
embryos.   Interestingly, the frequency of oscillations was not significantly different 
between the control and treatment groups (Fig. 3.2), this could be due to multiple sperm 
penetrating and causing Ca2+ signaling.   
Together all of these results support the theory that heat stress has profound 
effects on oocyte viability during maturation.  The percentage of competent MII oocytes 
capable of fertilization and proper embryo development is restricted by higher ambient 
temperatures.  Even oocytes reaching metaphase II under heat-stressed conditions 
suffered deleterious effects in their cytoplasm.  The size and distribution of the ER in the 
ooplasm was, in some cases, strikingly abnormal, showing degradation and accumulation 
to the center of the egg.  In addition, the calcium store content and oscillation patterns 
were also negatively affected supporting the idea that ER functionality is altered in 
response to heat stress.  Interestingly, in some cases the frequency of oscillations was 
higher than previously seen in our lab.  This could be the result of polyspermy, which, as 
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mentioned earlier in this paper, is a major concern in swine.  Multiple sperm penetrating 
the oocyte can lead to an increase in Ca2+ signaling frequency, which could lead to 
altered oscillations.  Further analysis and experiments need to be repeated to understand 
the effects of heat stress on lipid content.   It is difficult to detect the concentration of 
phospholipids and DAG prior to fertilization due to their minute abundance.  Overall 
triglyceride content was not affected either, leading to the possibility that sensitivity of 
detection is a major factor.   
Currently, there is very little, if any, literature available that reports on the 
negative effects heat stress imposes on calcium signaling during fertilization.  As stated 
above, polyspermy may lead to an altered oscillation frequency that could mask the true 
underlying effect of heat stress on calcium signaling.  One way to combat this uncertainty 
could be the use of intra-cytoplasmic sperm injection (ICSI).  ICSI is the injection of a 
single sperm cell into an egg to ensure that fertilization will be monospermic.  The 
measurement of the calcium oscillations could also be more accurate due to knowing the 
timing of fertilization.  Another way to improve the validity of calcium signaling in heat-
stressed oocytes could be the use of calcium inhibitors.  During fertilization, heat stress 
conditions may cause the opening of multiple calcium channels that could alter 
oscillations.  These techniques could provide more answers to calcium signaling and 
subsequent embryo development in the future. 
Even though underlying causes of heat stress on oocyte maturation and 
subsequent embryo development are still not fully understood, it is clear that early 
maturation in the follicle is very sensitive to changes in environment.  During summer 
months the proportion of competent oocytes recovered were significantly lower in 
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Holstein cows as compared to colder months (Hansen 2001).  This leads to a reduction in 
embryo development to the blastocyst stage and pregnancy rates.  There has been very 
little published literature outlining ways to avoid these deleterious effects of heat stress 
during early stages of oocyte maturation.  As mentioned above, colder month oocyte 
retrieval had a higher proportion of competent eggs.  By harvesting these oocytes during 
the colder months, fertilizing them, and freezing the embryos could make it possible to 
have a reservoir of high quality embryos.  Embryo transfer (ET) of these frozen embryos 
would result in higher pregnancy rates during warm months of the year.  Another way to 
avoid heat stress could be through the use of temperature control during the early female 
cycle and breeding.  Research in cooling techniques and apparatuses have been published 
but very few have been implemented.  The use of embryos from colder seasons of the 
year and or in combination with temperature control barns can raise pregnancy rates.  All 
these might be helpful in the combat against heat stress, which, as our data show, has a 
severe negative impact during oocyte maturation specifically Ca2+ signaling and ER 
function, which causes a decrease in embryo viability.  This also provides a deeper 
understanding of the Ca2+ signaling mechanism in relationship to total Ca2+ intracellular 
stores.  A successful lipid analysis of heat stress and control oocytes, after fertilization, 
may also show differences in phospholipid content.  If a difference is detected, it could 
provide a solid explanation for the role of phospholipids in Ca2+ signaling.  This would 
also provide an underlying reason for the decrease in embryo viability after heat stress 
during maturation. 
 
